cell clones were isolated and screened for the desired PMS2-deficient males are sterile while the females have recombination events by a PCR-based assay. We found normal reproductive capacity. To understand the role that 3 of the 544 cell lines had the desired modification. of mammalian MLH1, we generated mice that carry a
The targeting event was verified by Southern blot null mutation in the mlh1 gene. Unlike msh2 and pms2 analysis. mutants, the male as well as female mlh1 mutant mice
The three cell lines, MLH1-2011, MLH1-2106, and are sterile. The males do not produce any spermatozoa MLH1-3210, were injected into blastocysts derived from or spermatids and show a meiosis I arrest. Females C57BL/6 females. All three cell lines yielded chimeric produce oocytes and mate normally with wild-type animals, and several of them derived from each of the males, but the oocytes fail to develop beyond the singlethree cell lines transmitted the ES cell genome through cell stage. their germ line.
Results

Homozygous mlh1 Mutant Animals Are Viable Isolation of a Mouse Genomic Clone for MLH1
To ascertain the viability of mlh1 mutant homozygotes, The isolation of human MLH1 cDNA and its organization F1 animals that are heterozygous for the mutation were has been described by several groups (Bronner et al., interbred and the offspring from several such matings 1994; Papadopoulos et al., 1994; Kolodner et al., 1995) .
were genotyped by Southern blot analysis. RepresentaThe human cDNA was used to screen a mouse genomic tive results from this experiment are shown in Figure  1B . DNA was digested with EcoRI and hybridized with phage library derived from the strain 129/Ola. One of a probe that will detect both the wild-type and mutant these phages contained the 5Ј-region of the gene as alleles ( Figure 1A ). Hybridization with this probe revealed determined by the presence of sequences homologous three classes of animals, some containing a 4.8 kb band to exons 1, 2 , 3, and 4. To ensure that the genomic corresponding to the wild type, some containing a 3.5 clone corresponds to MLH1, a 12 kb SacI fragment from kb fragment corresponding to the mutant allele, and the phage was subcloned and the location of the first others containing both bands. Of 77 animals from 7 four exons was determined by hybridization with polylitters produced from founders derived from all 3 original merase chain reaction (PCR) products specific for each disrupted cell lines, we obtained 24 ϩ/ϩ, 34 ϩ/Ϫ, and of the exons. Sequencing of these four exons and the 19 Ϫ/Ϫ animals, consistent with normal Mendelian segregions flanking them revealed that the organization of regation. These results clearly indicate that animals that this region of the mouse gene is identical to that of are homozygous for deletion of exon 2 of the mlh1 gene the human MLH1 gene. Analysis of the sequence data are viable. indicated that the region encoded by the four mouse mlh1 exons showed 89.5% and 97.6% identity at the mlh1 Mutant Mice Do Not Have DNA and protein level, respectively, with human MLH1. (Figure 2 ). The antibody retissues tested (heart, brain, spleen, lung, liver, skeletal acted with the expected 90 kDa protein species present muscle, kidney, and testis) (unpublished data) consisin extracts of normal human lymphoblastoid cells, wild tent with mlh1 being unique in the mouse genome. These type, and mlh1 ϩ/Ϫ MEF. However, no such protein results provide further confirmatory evidence for the species was detectable in extracts prepared from mlh1 identity of the mouse mlh1 gene used in our studies.
MLH1 Protein
Ϫ/Ϫ cells. These results suggested that MLH1-deficient males have abnormal meiosis.
Generation of Mice with a Disrupted
To understand further the stage at which the meiosis is blocked in mlh1 Ϫ/Ϫ mice, meiotic chromosome preparations were made from isolated spermatocytes. The preparations from wild-type littermates exhibited all stages of normal meiosis with the normal preponderance of leptotene-pachytene stage spermatocytes. The mutant mice had an over abundance of leptotenepachytene stage cells with a conspicuous absence of post-pachytene stages. Even the cells that contained early stage meiotic figures were abnormal, characterized by chromatin despiralization. To confirm these observations, primary spermatocytes were isolated, gently lysed, and chromosomes stained with silver nitrate and examined by electron microscopy (EM). No stages beyond pachytene were observed in preparations from mlh1 Ϫ/Ϫ animals. The chromosomes in pachytene showed normal pairing (Figures 5E-5F). The overall picture was that of meiotic arrest post-synapsis but prior to chiasma formation. This is unlike the pms2 mutant mice, where abnormal pairing and subsequent development of abnormal sperm was seen. Taken together, the histology and the cytogenetic and EM examination revealed that mlh1 Ϫ/Ϫ mice failed to produce spermatids and spermatozoa and the spermatocytes fail to progress normally beyond the pachytene stage of meiosis. To understand the mechanism of the progressive degeneration of spermatocytes, we used the TdT-mediated the eggs from the wild-type animals were at the oneat which oogenesis is disrupted in the mutant females, it is possible that female ovarian meiosis is impaired at cell stage or were abnormal while 75% of the eggs from the mutant animals were at the one-cell stage or were the same stage as in the testis. The phenotype of mlh1 Ϫ/Ϫ females is also distinctly different from that of pms2 abnormal. The eggs from the mutant animals had one polar body, and we never observed the formation of a Ϫ/Ϫ females, which exhibit normal fertility. second polar body during the 32 hr over which meiotic progression was studied, suggesting that the eggs never completed meiosis II. These results show that the abDiscussion sence of the MLH1 protein causes both male and female sterility as a result of the absence of viable gametes in To examine the function of the mismatch repair gene mlh1 in normal growth and development, we generated both sexes. While it is more difficult to pinpoint the stage . In our assay, using four different microsatellite broblasts revealed that the wild-type and heterozygous mice contained the MLH1 protein, but no MLH1 protein markers, we observed as much as 25% instability. We also utilized a biochemical assay to measure the miswas detectable in extracts from the homozygous mutant animals. These results indicate that mlh1 is unique in match repair proficiency of extracts prepared from early passage MEFs. The level of mismatch repair activity in the mouse genome and that the mlh1 gene has been inactivated in the ES cell lines and mutant mice conextracts from mlh1 ϩ/Ϫ cells was 44.1% and from mlh1 Ϫ/Ϫ cells was 11.8% of that observed with extracts of structed here.
wild-type cells. These results clearly show that MLH1 is required for normal mismatch repair and the RER ϩ mlh1 Ϫ/Ϫ Mice Are Mismatch Repair-Defective We have shown that somatic cells from mutant mice phenotype we observed is the result of the lack of mismatch repair proficiency. are mismatch repair-defective by the microsatellite in- 
Isolation of Mouse Embryonic Fibroblasts
Histology and Electron Microscopy Day 12 embryos were minced and incubated in 2 ml of 0.25% trypsin Ovaries and testes were prepared for histological analysis by conat 4ЊC overnight. After an additional incubation at 37ЊC for 20 min, ventional methods. For electron microscopy, chromosome spreads a 5ϫ excess of Dulbecco's modified Eagle's medium was added were prepared and silver-stained by previously described methods and the suspensions were triturated. The cells were gently pelleted, (Counce and Meyer, 1973; Goodpasture and Bloom, 1975) . In situ resuspended in medium, and a portion was used for genotyping labeling of apoptotic cells was performed on 5-m tissue sections with the rest plated for growth. using the ApoTag Plus kit (Oncor, Incorporated, Gaithersburg, MD), according to the instructions of the manufacturer.
Western Blot Analysis
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